outlet, which was connected to the flow cell of the SPR and bathed in a 1-ml volume of run buffer. A three-component mixture of high refractive index materials was separated and detected at the millimolar level at an untreated Au film surface. Human IgG was electrophoretically delivered to protein A, functionalized on a Au film surface and the extent of interaction observed. Recently, Ly et al. demonstrated the possibility of integrating a confined SPR image into microchip CE (MCE) [18] . In order to avoid electrochemical corrosion of Au film, a microfluidic net with a 8-mm separation channel (500-µm wide and 500-nm high) was fabricated onto a 30 nm protective polymer film of high dielectric strength applied over a Au film surface that was segmented into an array of squares (200 × 200 µm). A mixture containing BSA (15 mg/ml) and glucose oxidase (15 mg/ml) was separated and detected in a 25-mM Trisglycine run buffer containing 10% methanol. However, the existence of the protective film resulted in a 23% loss in sensitivity and the device could only withstand a maximum field strength of 50 V/cm. Field strength of several hundred V/cm are typical in MCE to achieve optimum separation and peak resolution [19] [20] [21] . Moreover, high concentrations of organic solvent (methanol in this case) can denature proteins and nucleic acids.
Facile fabrication of an interface for online coupling of microchip CE to surface plasmon resonance Background: The aim was to develop a simple route to coupling microchip CE (MCE) to surface plasmon resonance (SPR). MCE is a microfluidic technology that utilizes microfabrication techniques to connect interacting fluid reservoirs. Its advantages include rapid analysis (typically seconds), easy integration of multiple analytical steps and parallel operation. SPR detects changes in refractive index within a short distance from the surface of a thin metal film as variations in light intensity reflected from the back of the film and, thus, does not require labeling. There is a great demand for developing hyphenated techniques like MCE-SPR that are fast, sensitive and inexpensive to analyze biological materials. Materials & Methods: The separation channel and flow cell exist as overlapping regions constructed during the microchip production and buffer solution was delivered mechanically. Such a design has successfully isolated the electrical field inherent in the MCE from the SPR detector. Consequently, the potential interference to the SPR signal (or modulation of the density of surface plasmons at the gold chip) is circumvented. Results: The limits of detection for bovine serum albumin and sodium fluorescein were determined to be 7.5 µM and 3.1 mM, respectively. Conclusion: The technique described, herein, has been successfully applied in the separation of two species. The method offers the advantages of a near zero connection dead volume, electrical shielding from the separation voltage and minimization of the mass transfer effect.
Herein, we describe the facile fabrication of a microfluidics-based interface for online combination of MCE with SPR. The interface consists of an overlapping section of the separation channel and flow cell. A pressure-driven mode in CE was used to 'push' the sample through the microchannel. Typically used in CE injections, this mode of sample manipulation was required to obtain maximal separation of two species in the MCE-SPR system. Using an electric field and SPR utilizing a dextran-functionalized Au film, the separation and detection of BSA and sodium fluorescein was realized at a field strength of 350 V/cm. The LOD and dynamic range for the two species were assessed.
Experimental Section
Materials N- (2-hydroxyethyl) 
Instrumentation
Detection of species separated by MCE was performed on a BI SPR 1000 system (Biosensing Instrument) equipped with two separated position-sensitive photodetectors. In this work, only one detector was used for the detection, but the presence of a second detector offers possibilities for more complicated chip designs and more sophisticated applications. For example, a second detector would allow for detection of species with minimal separation simultaneously. If placed further downstream from the original detector, a greater separation of a mixture of components would be realized. The flow cell on the microchip could be easily aligned to the detector owing to the open access to the SPR prism and visualization of the reflected laser light through a viewing window on the instrument. To suppress nonspecific adsorption, an Au film surface was modified with carboxymethylated dextran following the procedure described by Du et al. [14] . Briefly, cystamine self-assembled mono layers (SAMs) were formed by casting onto each Au film 0.8 ml of 20 mM cystamine dihydrochloride solution overnight at ambient temperature. After rinsing with water, 0.8 ml of a solution containing 4.35 mg/ml carboxymethylated dextran, 0.1 M N-hydroxysuuccinimide and 0.4 M N-(3-dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride were spread onto the gold film and the dextran film attachment was allowed to proceed for 3 h.
Fabrication of the interface between MCE & SPR
A three-step procedure was adopted to fabricate the interface consisting of PDMS replica fabrication, surface coating of the PDMS chip and sealing of the chip to a dextran-functionalized Au film.
PDMS replica
The PDMS chip was prepared by using a silicon mold created by soft photolithography [22] . The pattern ( Figure 1A ) was transferred to a 3" silicon wafer through a high-resolution (10,000 dpi) photomask (CAD/Art Services, Inc., OR, USA). Sylgard 184 PDMS prepolymer was mixed thoroughly with its curing agent at 10/1 (v/v), degassed by a vacuum pump and then cured against the mold at 75°C for 2 h. After the PDMS replica was peeled off from the mold, holes were punched for the buffer and sample reservoirs. The reservoir of the flow cell (W2) was 4.0 mm away from the channel ( Figure 1A) . The channels were approximately 30-µm high and 150-µm wide at the bottom. In reference to Figure 1A , the distances from the reservoir buffer 1 (B1) to the reservoirs buffer 2 (B2), water 1 (W1), water 2 (W2), and sample (S) were 1.0, 7.0, 6.5 and 2.0 cm, respectively. A PDMS layer of approximately 30 µm was obtained through spin-coating a silicon wafer with degassed PDMS at 1400 rpm for 2 min and curing at 75°C for 2 h. A square (150 µm × 5.0 mm) of PMDS was used as the bottom layer and the corresponding gap was used as the flow cell for SPR.
Surface coating of the PDMS chip
The surface of PDMS is hydrophobic in its natural state causing nonspecific adsorption of biomolecules and other species. To suppress nonspecific adsorption, the surface of the microchip was modified to make it hydrophilic with an epoxy-functionalized polymer following the method described by Wu et al. [23] . In brief, 5.0% dimethylacrylamide (w/v) and 0.1% glycidyl methacrylate (v/v) were mixed in distilled water and thoroughly degassed for 10 min. To initiate the polymerization reaction, 0.1% tetramethylethylenediamine (v/v) and 0.05% potassium persulphate (w/v) were added into the mixture and the reaction continued for 30 min at room temperature. To remove unpolymerized monomers and small polymer molecules, the polymer solution was extensively dialyzed by 3500 molecular weight cut-off dialysis membranes for 2 days with distilled water. The PDMS replica and the substrate were treated with oxygen plasma for 120 s. For irreversible sealing, they were brought together immediately in alignment where the flow cell connected the separation channel and the reservoir W2 ( Figure 1D ). The epoxy polymer solution was introduced into the microchannel, and incubated for 15 min at room temperature. The solution was completely pumped out and the PDMS microchip was directly heated at 110°C for 10 min.
Coupling of the PDMS chip to the Au film
After surface coating, the PDMS chip ( Figure 1B) was peeled off from the silicon wafer. The PDMS chip was immediately brought into contact with a clean dextran-modified Au film for reversible sealing where the flow cell was located in the Au film (Figure 1C & D) . To secure a stronger sealing, the device was placed under vacuum for 10 min and the flow cell aligned with one of the two SPR position-sensitive photodetectors.
Procedures
MCE procedure A 10 mM N-(2-hydroxyethyl)piperazine-N´-(2-ethanesulfonic acid) solution containing 0.02% BSA (pH 7.40) was used as run buffer. All samples were dissolved in the run buffer. MCE was performed with assistance of pressure. A peristaltic pump was connected to reservoir B1. To condition the microchannels, the device was rinsed with distilled water and the run buffer for 5 and 10 min, respectively. Hydrostatic pressure injection was used in the study. In reference to Figure 1A , 8 .0 µl of the run buffer was added into reservoirs W1 and W2 and 22.0 µl of the run buffer was added into reservoir B2. Initially, 32 µl of sample solution was added to reservoir S. This hydrostatic pressure injection continued for 20 s (Figure 2A ). For the separation, 2.5 kV was applied to reservoirs B2 and W1 accompanied with a flow rate of 0.5 µl/s from resµl/s from res-/s from reservoir B (Figure 2B ). After 100 s, the flow rate was increased to 3.2 µl/s. After each run, the channels were washed with the run buffer for 2 min.
Results & discussion
Interface
Connection dead volume of the interface
Connection volume of the interface directly affects the separation resolution and LOD. In our study, the overlapped region consisting of a segment of the separation channel and the flow cell formed the interface between MCE and SPR. The connection volume of the interface was determined by the overlapped length of the two channels since the height and width of the channels are the same (Figure 1C & D) . In an ideal case, the length of the overlapping channels is the same as the height of the channels and the connection dead volume can be considered as zero. Early prototype microchips containing large dead volumes affected separation efficiencies and yielded diminished LOD.
Linkage
PDMS is elastomeric and its surface free energy is low (~20 erg/cm 2 ) [24] [25] [26] . The characteristics endow PDMS microchip's ability to reversibly seal onto Au film without distorting the microchannel when the PDMS chip is brought into contact with the Au film surface. In our study, the interface was placed under vacuum to strengthen the seal.
To test how high a flow rate the sealing could withstand, a food dye was pumped through the device at an increasing flow rate. The sealing was still leakage-free even at a flow rate of 5.1 µl/s (the maximum flow rate the pump provided). Thus, the device could be fixed onto SPR only with adhesive tape.
Mass transfer effect
The analyte molecules must be delivered to the vicinity of the Au film surface before they are detected. Transportation of the analyte molecules from the run buffer to the Au film is referred to as mass transfer. To obtain kinetic information on the interested interaction, there is the requirement that the rate constant of mass transfer (K m ) be larger than that of the association reaction [1] .
The rate constant of mass transfer is dependent on the characteristics of the analyte molecules and the solution, immobilization capacity of Au film and the instrument factors, and is expressed as in equAtion 1 [27] :
Where D, h, f, b, and x are the diffusion coefficient of analyte molecules, the height of the flow cell, the flow rate, the width of the flow cell and the thickness of diffusion layer, respectively. In other SPR experiments, the height of the flow cell is fixed. In our device, the height of the flow cell can be easily adjusted by changing the spincoating speed and time. For example, when the spin-coated speed varied from 800-1200 rpm for 30 s, the height of the flow cell changed from 65-45 µm. Accordingly, the rate constant of mass transfer theoretically increased by one-third.
Electric field effect
In MCE, analyte molecules are separated according to different charge-to-mass ratios at certain field strengths; the higher the field strength, the higher the separation resolution. Meanwhile, application of a positive potential (1.5 V) to a Au film improved the SPR measurement's sensitivity [28] . Initially, we attempted to take advantage of this characteristic by directly connecting the Au film to a power supply and using it as one electrode for MCE. The strategy was not successful as bubbles were produced and gathered at the interface between the MCE and SPR components of the system. We attributed this to the electrochemical reaction 2H + + 2e = H 2 . We also found that the Au film gradually peeled off and that the peeling began from the area nearest to the Pt electrode if the Au film was connected to the power supply through the buffer solution. We believe that this peeling results from the electrochemical corrosion of the Cr underlayer and the Au film of the SPR chip. In subsequent experiments, the pressure-assisted MCE strategy was used as shown in Figure 2B . Pressure was incorporated into conventional MCE to introduce the separated compound into the flow cell over the Au film to which no voltage was applied.
MCE separation & SPR detection facilitated by the interface
SPR is sensitive to a change in the refractive index of a solution adjacent to the Au film. We chose BSA (refractive index: 1.445) and fluorescein sodium (refractive index: 1.33) [29] as model analytes to verify the interface. Figure 3A shows a representative separation and detection of BSA (80 s) and fluorescein sodium (118 s) at a field strength of 350 V/cm in positive polarity. A lower voltage may not have realized separation between the two species. We found that fluorescein sodium migrated back into reservoir S if the flow rate was <0.3 µl/s. We assumed this was because the back-/s. We assumed this was because the backward electrophoretic mobility was larger than the forward rate due to the peristaltic pump ("electro-osmotic" flow was near zero due to the modification of the PDMS chip). To decrease the migration time of fluorescein sodium, the flow rate was changed from 0.5 to 3.2 µl/s after the BSA migrated out. This increase in flow rate was also reason that the peak width of fluorescein sodium was smaller than that of BSA. We also assessed the dynamic range and LOD. Figure 3B shows the linear portion of the calibration curve. The dynamic range for both species was over two orders of magnitude. The LOD was 7.5 µM (~3.3 pmol) and 3.1 mM (~1.6 nmol) for BSA and fluorescein sodium, respectively. Recent work in another laboratory [18] used BSA as an exemplar and was able to detect it at the 30 pmol level. The difference in LOD of BSA and fluorescein sodium is believed to result from their difference in refractive index.
Conclusion
We have described a facile fabrication of a simple microfluidic PDMS chip for coupling MCE to SPR. This interface offers the advantages of a near zero connection dead volume, electrical shielding from the separation voltage and minimization of the mass transfer effect. This configuration allows a high separation voltage to be used. The dynamic range for both species is over two orders of magnitude. The LOD is 7.5 µM and 3.1 mM for BSA and sodium fluorescein, respectively. The present study is not an exhaustive one and to further broaden the viability of the MCE-SPR hyphenated technique, separations involving mixtures of proteins and more than two biomolecules should be examined.
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